Cultivated barley is one of the oldest known domesticated crops suggested to have multiple origins ([@b16-gmb-34-1-268]). Archaeological studies indicate that it was first domesticated in the Fertile Crescent about 10,000 yeas ago ([@b33-gmb-34-1-268]). This is assumed to have taken place from two-rowed wild barley *Hordeum vulgare* L. subsp. *spontaneum* in the Near East ([@b8-gmb-34-1-268]). The research of [@b2-gmb-34-1-268] supported a monophyletic-barley origin, based on allele frequencies at 400 polymorphic loci. Tibetan wild barley is the proposed progenitor of cultivated barley in the Oriental region ([@b1-gmb-34-1-268]). Nevertheless, domestication also occurred in other parts of the world, apart from the Fertile Crescent ([@b15-gmb-34-1-268]). Recently, [@b17-gmb-34-1-268] proposed that the domestication of the cultivated form started in the Indus valley, at the site of Mehrgarh (Pakistan) at about 7,000 B.C.

Microsatellite markers have been regularly used to evaluate domestication patterns and genetic relationships among barley landraces. Microsatellites, also known as simple sequence repeats (SSRs), are short (1--6 bp) tandemly repeated DNA sequences that are highly polymorphic as a result of frequent variation in the number of times the core sequence is repeated ([@b29-gmb-34-1-268]). SSR technology is useful for evaluating genetic diversity and phylogenetic relationships within different populations of the genus *Hordeum* ([@b25-gmb-34-1-268]).

In the present investigation, 403 landraces of cultivated barley, originally collected from Pakistan, India, Iran, Nepal, Iraq, Turkmenistan, and Uzbekistan, were assessed with a panel of mapped SSRs to estimate regional genetic diversity, phylogenetic relationships and population structure. The 403 six-rowed and two-rowed landraces were chosen for genetic characterization according to their origin, spike characteristics and growth habits ([Table 1](#t1-gmb-34-1-268){ref-type="table"}). Representative numbers of landraces from each eco-geographical population were collected, except for Uzbekistan, since these were underrepresented in the germplasm bank. The seeds were provided by the Institute of Plant Genetic Resource Program, N.A.R.C., Islamabad.

Genomic DNA was isolated from young barley leaves of 403 individual plants (one representing each land-race) using the CTAB procedure of Doyle and [@b5-gmb-34-1-268], with certain modifications, including treatment with RNase A at 37 °C for 45 min. The DNA was purified by phenol: chloroform: isoamyl alcohol extraction and di-ethyl ether treatment. The final pellet was dissolved in Tris-EDTA buffer. The DNA was diluted with deionized water to obtain a working concentration of 25 ng/μL and the quality analyzed by 1% agarose gels.

The landraces were genotyped using seven mapped barley SSRs, one for each chromosome ([Table 2](#t2-gmb-34-1-268){ref-type="table"}). The SSR marker on chromosome 3H was located in a region of medium recombination (1.0--4.4 Mb/cM), whereas the other six SSRs were located in regions of high recombination (\< 1.0 Mb/cM; [@b11-gmb-34-1-268]). The SSR assay followed the procedures of [@b24-gmb-34-1-268], with some modifications, in 25 μL of reaction solutions containing 1x reaction buffer, 100 ng of genomic DNA, 1 U *Taq* polymerase (Fermentas Life Sciences, Glen Burnie, MD, USA), 0.15 mM dNTP, and 0.2 μM of each primer. Amplification was carried out in a thermal cycler (T1, Biometra, Goettingen, Germany) under the following condition: 94 °C for 5 min, 35 cycles of 94 °C 30 s, annealing 1 min, 72 °C 1 min, and a final extension of 10 min at 72 °C. Both annealing temperature and MgCl~2~ concentration depended on the primer pair ([@b24-gmb-34-1-268]; [@b12-gmb-34-1-268]). Polymorphism was detected under UV light after running on 6% PAGE and staining with ethidium bromide (0.5 μg/mL).

The alleles of each SSR locus were sized (bp) with reference to a known size-standard (O-RangeRuler 20 bp DNA ladder, Fermentas), followed by transformation to binary codes, as presence (1) or absence (0) of the respective fragment size, based on electrophoretic mobility using the procedure of [@b22-gmb-34-1-268]. Allele frequencies, genetic diversities and homogeneity of allele frequencies were calculated. The number of alleles per locus was counted as the combination of polymorphic bands ([@b28-gmb-34-1-268]). Estimates of the gene diversity index (H), the proportion of polymorphic loci (P), and the mean number of alleles per locus (A) were calculated for each SSR locus and population. Polymorphism information content (PIC) was calculated for each SSR, according to [@b30-gmb-34-1-268]. The genetic diversity index (*DI*) was estimated as the mean genetic diversity over the loci and adjusted for sample size, according to [@b19-gmb-34-1-268]: $$DI\, = \, 2n_{a}\,(1/n_{1}\Sigma\,(1\, - \,\Sigma\, x_{ij}^{2}))/(2n_{a}\, - \, 1)$$where *x~ij~* is the frequency of the *i*^th^ allele of locus *j*, *n*~1~ is the number of genetic loci and *n~a~* the number of landraces. All the calculations described above were carried out using the software POPGENE version 1.32 ([@b32-gmb-34-1-268]). The distribution of variability between and within groups was calculated according to [@b18-gmb-34-1-268] for each microsatellite locus. The total observed diversity estimate (*H*T) was partitioned into within-group diversity (*H*S) and between-group diversity (*D*ST) components, where *H*T = *H*S + *D*ST. Gene diversity between groups, in relation to total population diversity, was expressed as *G*ST = *D*ST*/H*T. Principal Component Analysis (PCA) was applied to allele frequencies and implemented with the software package SPSS 11 (SPSS Inc., Chicago, IL, USA), so as to obtain a graphic representation of the relationship structure among the different barley groups.

Allelic diversity was evident in all the seven groups of lines, with most markers detecting two or more alleles per group ([Table 2](#t2-gmb-34-1-268){ref-type="table"}). The main exception was the small group of five lines from Uzbekistan, in which three of the markers revealed only one allele. The Indian group presented the highest number of alleles for the seven markers ([Table 2](#t2-gmb-34-1-268){ref-type="table"}), even though the Pakistani had more than twice as many lines. Allelic diversity in the Pakistani and Iranian groups was similar, although unique alleles were more common in the Pakistani. As expected, groups with the fewest members had the fewest alleles. Allelic diversity also varied among the seven markers tested. The highest number (11) of alleles was detected with the chromosome 3H marker, whereas only 5 were with chromosome 4H, 6H and 7H markers in all the 403 lines tested. Furthermore, the latter three revealed no unique group-specific allele. Thirty percent of the alleles were unique to a location.

Allele size diversity, across all the barley accessions, ranged from 26 bp for Bmag0500 on chromosome 6H to 69 bp for HvLOX on chromosome 5H (Table S1), the largest size differences by markers generally occurring in the groups with the highest number of alleles. Overall allele frequency ranged from 0.00 to 1.00. In all the groups, except the Pakistani, there was at least one landrace with a unique marker phenotype. In the latter, the lowest number of landraces with the same marker genotype was five (Bmag0023, 120 bp allele). The most frequent allele in the Pakistani group (Bmag0500, 67 bp allele) was present in only 49% of the lines, whereas in the others, maximum allele frequency ranged from 62%--100%.

Polymorphism-information content for the seven markers (Table S2) varied from 0.45 (Bmag0500, 6H) to 0.66 (Bmag0023, 3H), with an average of 0.58. Measurements of genetic richness ([Table 3](#t3-gmb-34-1-268){ref-type="table"}) followed the same pattern as the number of alleles ([Table 3](#t3-gmb-34-1-268){ref-type="table"}), with India having the highest and Uzbekistan the lowest. Genetic diversity was the highest in Pakistan and India, and the lowest in Uzbekistan. These measurements showed significant differences among the groups, although standard deviation increased to more than half the mean value as the size of the group decreased. The diversity index was not a useful measurement for this material, as standard deviations were mostly higher than mean values. Total gene diversity (Ht) across mapped SSR markers was 0.68. Within-group diversity (Hs = 0.41) was substantially higher than among population diversity (Dst = 0.27).

Cluster analysis divided the 403 lines into ten groups ([Figure 1](#f1-gmb-34-1-268){ref-type="fig"}, Table S3). The landraces from Pakistan were divided into five clusters, not always in accordance with their regional origins. Thus, clusters V and VIII were solely composed of Pakistani landraces, whereas clusters III, IV, and X all had large numbers of landraces from this country. The Indian landraces were spread across seven clusters, with more lines in clusters III, VI, and VII than in the remainder. Most Iranian landraces were in clusters IX and VI, with only one in cluster VII and three in cluster X, whereas most from Nepal were in cluster II, most from Iraq in cluster I, and most of the Turkmenistani and Uzbekistani land-races in cluster IV.

Principal component analysis based on allele frequencies among the groups across mapped SSR markers clustered the barley landraces into three groups (Figure S1). All told, 51.58% of the variation could be attributed to the first two principal components, 33.31% to the first and 18.27% to the second. Group 1 was comprised of accessions belonging exclusively to Pakistan, group 2 to India, Iran, Nepal and Iraq, and group 3 only to Turkmenistan and Uzbekistan.

The estimation of genetic diversity is important for the conservation of germplasm. The seven SSRs analyzed in the present study were located in high-recombination chromosomal regions, detecting 50 alleles in the 403 lines including 15 that were unique to a geographic group. Allelic diversity is essential for revealing the potential of germplasm for further conservation studies and plant breeding. The Asian germplasm in our study presented a similar range in number of alleles and alleles per locus, to that detected in previous studies of cultivated barley ([@b3-gmb-34-1-268]; [@b28-gmb-34-1-268]; [@b9-gmb-34-1-268]; [@b14-gmb-34-1-268]; [@b27-gmb-34-1-268]; [@b7-gmb-34-1-268]; [@b6-gmb-34-1-268]; [@b13-gmb-34-1-268]; [@b31-gmb-34-1-268]). In general, as the number of lines included in a diversity study increased, so did the number of alleles/locus (r = .579, p = .0793). As more markers were tested, more alleles were detected (r = .758, p = 0.011). Diversity in our survey of 403 landraces from seven regions of Asia was similar to that in 65 naked barley accessions ([@b6-gmb-34-1-268]), and the 163 wild barley land-races and old cultivars tested by [@b28-gmb-34-1-268].

Several studies, including this one, have identified high frequencies of alleles that were unique to a specific region or group of genotypes. We found that 30% of the alleles were specific for landraces from a single country. Similar studies ([@b14-gmb-34-1-268]; [@b6-gmb-34-1-268]; [@b31-gmb-34-1-268]) detected 15.7%--52% unique alleles in *H. vulgare* specific to a germplasm group. [@b14-gmb-34-1-268] suggested that the presence of so many unique alleles could indicate a relatively high rate of mutation at SSR loci. Unique alleles may be diagnostic of particular inbred lines or for genotype-specific regions of the genome ([@b26-gmb-34-1-268]). The occurrence of a high number of unique alleles in the present study was an indication of the diversity present in this Asian germplasm, as well as its potential as a reservoir of novel alleles required for crop improvement.

[@b20-gmb-34-1-268] showed that allelic distribution at microsatellite loci is non-random and associated with habitats. He suggested that populations dwelling in drier habitats have higher genetic diversities at microsatellite loci. [@b4-gmb-34-1-268] partitioned the total diversity of each locus into average diversity within and among zones. Of the total genetic diversity, 17% was attributable to differences among and 83% to differences within the zones. We also found more variability within groups (60%) than between groups (40%).

Ecogeographical diversity analysis is typically applied to identify "centers of diversity". However, these centers can change over time, as breeding and germplasm exchange continues ([@b23-gmb-34-1-268]). The landraces evaluated in this study belong to the Mediterranean (India, Pakistan), Mid-Asian (Iran, Iraq, Turkmenistan, Uzbekistan) and East Asian (Nepal; [@b10-gmb-34-1-268]) Centers. [@b23-gmb-34-1-268] evaluated 12 qualitative and 18 quantitative traits in several thousand accessions from around the world. Mean diversity in their germplasm samples was highest in the Indian lines and lowest in the Nepalese. The mean diversity in germplasm from Iran and Pakistan was similar and intermediate to that from India and Nepal. In our study, the same pattern of genetic richness was apparent ([Table 3](#t3-gmb-34-1-268){ref-type="table"}), thereby indicating that the seven SSR markers used gave a reliable representation of the diversity in these lines.

According to principal component analysis (PCA), the barley landraces could be clustered into three groups, Pakistan in one, India, Iran, Nepal and Iraq in a second, and Turkmenistan and Uzbekistan in a third. Genetic distances indicated greater similarity of Iranian, Nepalese and Iraqi landraces with those from Pakistan and India than with those from Turkmenistan and Uzbekistan. Clustering based on individual landraces reflected the results of group PCA, with the Pakistani landraces clustering separately from those originating from other countries. These results are in agreement with [@b21-gmb-34-1-268], who observed a clear differentiation between East Asian and German cultivars. Similarly, [@b7-gmb-34-1-268] clearly differentiated barley genotypes by UPGMA, according to their geographic regions, row number and end use. In another report, [@b6-gmb-34-1-268] revealed the genetic relationships of 65 accessions collected from different regions in China. They observed that at a genetic similarity level of about 0.76, the accessions were clearly clustered into two large groups, all the Tibetan accessions being located in one cluster and those from Qinghai and Ganzi in a second.

In conclusion, landraces from Pakistan had a high frequency of unique alleles (8/29) and formed a separate group by principle component analysis. Turkmenistan and Uzbekistan landraces grouped together and were distinct from the landraces from the other five countries. Landraces from India showed the highest genetic richness, with the most alleles for the seven SSR markers. Overall, our SSR survey of 403 Asian landraces revealed high levels of allelic variation that could be exploited for barley improvement.
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###### 

Qualitative characteristics of 403 barley landraces used for studying diversity

  Origin         Sample size   Spike type   Hull type   Awns              
  -------------- ------------- ------------ ----------- ------ ---- ----- ---
  Pakistan       160           2            158         137    23   159   1
  India          76            18           58          70     6    70    6
  Iran           56            19           37          56     0    56    0
  Nepal          51            9            42          49     2    45    6
  Iraq           38            17           21          36     2    37    1
  Turkmenistan   17            6            11          14     3    17    0
  Uzbekistan     5             2            3           2      3    4     1

###### 

Total number of alleles and unique alleles for mapped SSR markers in different barley groups.

  Locus[†](#tfn2-gmb-34-1-268){ref-type="table-fn"}   Chrom.   Number of alleles                                                                                                                                                                                                         
  --------------------------------------------------- -------- --------------------------------------------------- --------------------------------------------------- --------------------------------------------------- ---- --------------------------------------------------- ---- ----
  Bmag0382                                            1H       4(2)[\*](#tfn1-gmb-34-1-268){ref-type="table-fn"}   3                                                   4(1)[\*](#tfn1-gmb-34-1-268){ref-type="table-fn"}   3    4(1)[\*](#tfn1-gmb-34-1-268){ref-type="table-fn"}   2    2
  HVM54                                               2H       5(3)[\*](#tfn1-gmb-34-1-268){ref-type="table-fn"}   5                                                   5                                                   3    3                                                   4    1
  Bmac0023                                            3H       5(2)[\*](#tfn1-gmb-34-1-268){ref-type="table-fn"}   7(1)[\*](#tfn1-gmb-34-1-268){ref-type="table-fn"}   5(1)[\*](#tfn1-gmb-34-1-268){ref-type="table-fn"}   5    4                                                   3    2
  Bmag0490                                            4H       4                                                   5                                                   4                                                   4    3                                                   3    2
  HvLOX                                               5H       4(1)[\*](#tfn1-gmb-34-1-268){ref-type="table-fn"}   6(1)[\*](#tfn1-gmb-34-1-268){ref-type="table-fn"}   4(1)[\*](#tfn1-gmb-34-1-268){ref-type="table-fn"}   4    3(1)[\*](#tfn1-gmb-34-1-268){ref-type="table-fn"}   2    1
  Bmag0500                                            6H       3                                                   4                                                   4                                                   1    2                                                   1    1
  HVID                                                7H       4                                                   5                                                   3                                                   5    3                                                   4    2
  Total                                                        29                                                  35                                                  29                                                  25   22                                                  19   11

Unique alleles.

Markers on chromosomes 1H, 2H and 5H from [@b12-gmb-34-1-268], the remainder from [@b24-gmb-34-1-268].

###### 

Genetic richness, genetic diversity, and diversity index for different barley groups across mapped SSR markers.

  Parameter           Pakistan      India         Iran          Nepal         Iraq          Turkmenistan   Uzbekistan    Total
  ------------------- ------------- ------------- ------------- ------------- ------------- -------------- ------------- -------------
  Genetic richness    4.14 ± 0.10   5.00 ± 0.18   4.14 ± 0.10   3.57 ± 0.20   3.14 ± 0.10   2.71 ± 0.16    1.57 ± 0.08   7.14 ± 0.33
  Genetic diversity   0.70 ± 0.06   0.67 ± 0.09   0.56 ± 0.08   0.52 ± 0.26   0.33 ± 0.16   0.55 ± 0.39    0.18 ± 0.17   0.77 ± 0.08
  Diversity index     0.10 ± 0.08   0.09 ± 0.06   0.08 ± 0.09   0.07 ± 0.08   0.05 ± 0.26   0.08 ± 0.16    0.03 ± 0.39   0.11 ± 0.01
